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The development o f  a new d e v i c e  t o  c o n t r o l  s t a b i l i t y  o f  t u r b o g e n e r a t o r s  is  d e s c r i b e d  
i n  t h e  p r e s e n t  s t u d y .  The d e v i c e  compr i ses  a f l o a t i n g  r i n g  i n s t a l l e d  between t h e  
' j o u r n a l  and b e a r i n g  hous ing  of a f l u i d  f i l m  b e a r i n g .  The j o u r n a l  and t h e  i n n e r  
s u r f a c e  o f  t h e  r i n g  are c y l i n d r i c a l  w h i l s t  t h e  o u t e r  s u r f a c e  o f  t h e  r i n g  and b e a r i n g  
s u r f a c e  are s p h e r i c a l  p r o v i d i n g  a x i a l  l o c a t i o n  of t h e  r i n g  and s e l f - a l i g n m e n t  o f  t h e  
b e a r i n g .  Tile employment o f  t h i s  d e v i c e  would l e a d  t o  a c o n s i s t a n t  machine p e r f o r -  
11iance. S y s t e a  s t a b i l i t y  may be c o n t r o l l e d  by chang ing  a number of  b e a r i n g  and 
f l o a t i n g  r i n g  p a r a m e t e r s .  This d e v i c e  a l s o  o f f e r s  a n  a d d i t i o n a l  a d v a n t a g e  of hav ing  
a ve ry  low f r i c t i o n a l  c h a r a c t e r i s t i c s .  
A f e a s i b i l i t y  s t u d y  was c a r ~ i e d  o u t  t o  i n v e s t i g a t e  t h e  s u i t a b i l i t y  of  t h e  new d e v i c e  
t o  t u r b o g e n e r a t o r  a p p l i c a t i o n s .  Both t n e o r e t i c a l  a n a l y s i s  and e x p e r i m e n t a l  o b s e r -  
v a t i o n s  were c a r r i e d  o u t .  I n i t i a l  r e s u l t s  s u g g e s t  t h a t  t h e  new f l o a t i n g  r i n g  d e v i c e  
is  a coi i ;pe t i t ive  a l t e r n a t i v e  t o  o t h e r  c o n v e n t i o n a l  a r r a n g e m e n t s .  
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Modern d e s i g n s  of  turbo-machinery u s u a l l y  a i~n  a t  l a r g e r  power o u t p u t ,  irnproved 
e f f i c i e n c y  and h i g h e r  r u n n i n g  s p e e d .  These  d e s i g n  c r i t e r ia  demand a n  improved 
b e a r i n g  performance.  I n  f a c t ,  t i l e  i n d u s t r y  is a lways  s e e k i n g  f o r  a b e t t e r  b e a r i n g  
d e s i g n  i n  o r d e r  t o  a c h i e v e  b e t t e r  c o n t r o l  on ~ n a c h i ~ i e  perfolmance.  The development 
o f  a  new t y @ e  of f l o a t i n g  r i n g  b e a r i n g  and its p o t e n t i a l  a p p l i c a t i o n  on t u r b o -  
g e n e r a t o r s  is d e s c r i b e d  i n  t h i s  p a p e r .  The j o u r n a l  and i n n e r  s u r f a c e  o f  t h e  r i n g  
are c y l i n d r i c a l  w h i l s t  t h e  o u t e r  s u r f a c e  o f  t h e  r i n g  and t h e  b e a r i n g  are s p h e r i c a l  
providi r ig  a x i a l  l o c a t i o n  o f  t h e  r i n g  and a l l o w i n g  s e l f  a l i g n m e n t  o f  t h e  b e a r i n g .  
The i d e a  o f  hav ing  a f l o a t i n g  r i n g  i n  a f l u i d  f i l m  b e a r i n g  h a s  e x i s t e d  f o r  some 
time. The c o n v e n t i o n a l  f l o a t i n g  r i n g  b e a r i n g  c o m p r i s e s  a n  a n n u l a r  r i n g  w i t h  c y l i n -  
d r i c a l  s u r f a c e s  on b o t h  s i d e s  of  t h e  r i n g .  The r i n g  was a l lowed  t o  move and  r o t a t e  
f r e e l y  w i t h i n  t h e  s p a c e  a v a i l a b l e .  T h i s  b e a r i n g  d e s i g n  is known as t h e  p l a i n  
f l o a t i n g  r i n g  b e a r i n g .  The ear l ies t  r e c o r d e d  u s e  of  t h i s  b e a r i n g  c a n  be t r a c e d  back 
t o  1912 where s u c h  a b e a r i n g  was used i n  L e y l a n d ' s  v e h i c l e s  [Campbell ( I ) ] .  T h i s  
t y p e  of b e a r i n g  was a l s o  u s e d  i n  a P a r s o n s '  steam t u r b i n e ,  and i n  t h e  c o n n e c t i n g  r o d  
of B r i s t o l  a i r c r a f t  e n g i n e s  i n  t h e  1 9 2 0 ' s  [Shaw and Nussdor fe r  ( 2 ) ] .  M o d i f i c a t i o n s  
o f  the b a s i c  d e s i g n  a l s o  e x i s t .  k l i t e r a t u r e  s u r v e y  o f  f l o a t i n g  r i n g  b e a r i n g s  c a n  
be found i n  [Leung ( 3 ) ] .  
The new bear ing  d e s i g n  is a n  a t t e m p t  t o  combine d i f f e r e n t  good f e a t u r e s  found i n  
c o n v e n t i o n a l  b e a r i n g s  i n t o  a s i n g l e  p h y s i c a l  u n i t .  The s p h e r i c a l  o u t e r  s u r f a c e  of 
t h e  r i n g  would a l l o w  t h e  b e a r i n g  t o  t o l e r a t e  l a r g e  misa l ignments .  The p resence  of 
two f l u i d  f i l m s  would p o s s i b l y  i n c r e a s e  t h e  dainpi~lg of bear ing .  It is known t h a t  
f l o a t i n g  r i n g  b e a r i n g s  u s u a l l y  p o s s e s s  low f r i c t i o n a l  c h a r a c t e r i s t i c s .  The s t a b i l i t y  
of b e a r i n g  inay a l s o  be c o n t r o l l e d  by a v a r i e t y  of bear ing  and f l o a t i n g  r i n g  para- 
~ ~ i e t e r s .  The purpose  of t h e  p r e s e n t  i n v e s t i g a t i o n  is t o  v e r i f y  t h e s e  assumptions .  
The behaviour  of t h e  c y l i n d r i c a l - s p h e r i c a l  f l o a t i n g  r i n g  b e a r i n g  is  f i r s t  a n a l y s e d .  
The b e a r i n g  performance under d i f f e r e n t  working c o n d i t i o n s  is t h e n  examined and 
coinpared w i t h  t h o s e  of e q u i v a l e n t  c o n v e n t i o n a l  b e a r i n g s .  The p o s s i b i l i t y  of applying 
t n e  new bear ing  t o  turbo-machinery is  e x p l o r e d  th rough  a c a s e  s t u d y .  
2 .  ANALYSIS 
The c o n f i g u r a t i o n  of t h e  c y l i n d r i c a l - s p h e r i c a l  f l o a t i n g  r i n g  b e a r i n g  is i l l u s t r a t e d  
i n  F ig  1. The i n n e r  f l u i d  f i l m  s u p p o r t s  t h e  e x t e r n a l  l o a d  a c t i n g  on t h e  j o u r n a l  
w h i l s t  t h e  o u t e r  f l u i d  f i l m  is r e q u i r e d  t o  s u p p o r t  b o t h  t h e  e x t e r n a l  l o a d  and t h e  
weight  of t h e  f l o a t i n g  r i n g .  L u b r i c a n t  is s u p p l i e d  from t h e  c e n t r a l  c i r c u m f e r e n t i a l  
grooves  t o  t h e  b e a r i n g  s u r f a c e s .  Hence, each  f l u i d  f i l m  iiiay be a n a l y s e d  as having 
two s h o r t e r  f l u i d  f i l m s  w i t h  t h e  L/D r a t i o  h a l f  t h e  o r i g i n a l  v a l u e .  The e f f e c t i v e  
behaviour  of each  f i l m  is t h e  sum of t h e  s h o r t e r  f i l m s .  
The s t e a d y  s ta te  s o l u t i o n  of t h e  f l o a t i n g  r i n g  b e a r i n g  is  mainly based on two 
e q u i l i b r i u m  c o n d i t i o n s ,  
a )  ba lance  of f o r c e s :  The sum of t h e  hydrodynamic f o r c e  of t h e  i n n e r  f i l m  p l u s  
t n e  weight o f  t h e  f l o a t i n g  r i n g  shou ld  be e q u a l  t o  t h e  hydrodynainic f o r c e  of 
t h e  o u t e r  f i l m .  
b) ba lance  of f r i c t i o n a l  moments on t h e  r i n g :  Under s t e a d y  s t a t e  o p e r a t i o n ,  t h e  
v i s c o u s  moment a c t i n g  on t h e  i n s i d e  s u r f a c e  o f  t h e  r i n g  shou ld  be e q u a l  t o  t i le  
v i s c o u s  rllonient a c t i n g  on t h e  o u t s i d e  s u r f a c e  of t h e  r i n g .  
I n  o r d e r  t o  e s t a b l i s h  t h e  s t e a d y  s t a t e  s o l u t i o n  of t h e  b e a r i n g ,  it is n e c e s s a r y  t o  
c a l c u l a t e  t h e  b e a r i n g  f o r c e s  of each b e a r i n g  f i l m  and t h e  v i s c o u s  moments a c t i n g  a t  
bo th  s i d e s  of t h e  r i n g .  The procedure  is d e s c r i b e d  as f o l l o w s ,  
2 . 1  The Reynolds '  e q u a t i o n  and b e a r i n g  f o r c e s  
The Reynolds '  e q u a t i o n  f o r  t h e  c y l i n d r i c a l  i n n e r  f i l m  can  be w r i t t e n  as f o l l o w s ,  
1 a 3 
R , ~  as, 1-1 az, 
and f o r  t h e  s p h e r i c a l  o u t e r  f i l m ,  t h e  Reynolds '  e q u a t i o n  is ,  
1  ar,) w, ah, ah2  
-L - 0 tanB - U P  t a n b 2  7 - - - - + -  
R 2  a u 2  2 3 6 ,  a t  
where G o  a l ~ d  Gg a r e  c o e f f i c i e n t s  deperide~it  on t h e  l o c a l  Reycolds '  llumber 
[ C o ~ i s t a n t i n e s c u  ( 4 )  ] , and t n e  f  i l l11 t h i c k n e s s  can b e  expressed  as f o l l o w s ,  
h1 = C1 ( 1  + COS 61)  
h 2  = C2 ( 1  + E 2  COS O 2  COS B2) 
Equa t ions  ( 1 )  and ( 2 )  can be n o r ~ n a l i s e d  by u s i n g  s e l e c t e d  non-dimensional groups  
[Craighead ( 5 )  and Leu~ig ( 3 ) ] .  For a g iven  i n n e r  z11d o u t e r  e c c e l i t r i c i t y  r a t i o ,  t n e  
e q u a t i o n s  c a n  t n e n  be s o l v e d  by t h e  f i n i t e  d i f f e r e n c e  method. E s s e n t i a l l y ,  t h e  
p r e s s u r e  d i s t r i b u t i o n  of each  f l u i d  f i l m  is d e s c r i b e d  by a r e c t a n g u l a r  mesh and t h e  
p r e s s u r e  a t  each noda l  p o i n t  is determined i t e r a t i v e l y .  D e t a i l s  of t h e  computa t iona l  
scheme can be found i n  Craighead (5). The bear ing  f o r c e s  lliay t n e n  be o b t a i n e d  by 
i n t e g r a t i n g  t h e  p r e s s u r e  f i e l d  by a ~ i u m e r i c a l  i n t e g r a t i o n  method. 
2.2 F r i c t i o n a l  moments on t h e  r i n g  
The f r i c t i o n a l  f o r c e s  a c t i n g  on t n e  i n s i d e  arid o u t s i d e  s u r f a c e s  of t h e  r i n g  a r e  
dependent 011 t h e  v i s c o u s  s h e a r  f o r c e  o f  t n e  l u b r i c a n t  i n  each  f l u i d  fill11 wnich is  i n  
turr l  depeiident on t h e  r e l a t i v e  v e l o c i t ' i e s  of t h e  cor responding  s o l i d  s u r f a c e s  
e n c l o s i n g  t n e  f i l m .  Froln t h e  l v a v i e r - S t o ~ e s  e q u a t i o n ,  t h e  v i s c o u s  s h e a r  s t r e s s e s  
a c t i n g  on t n e  r i n g  can  be w r i t t e n  as, 
f o r  t h e  i n s i d e  s u r f a c e ,  
!J 
-r l  = 9 - - -  (w1 - ~ ) 2 )  R 1  
ae, h l  1 
and f o r  t h e  o u t s i d e  s u r f a c e ,  
Where (2 is t n e  r a t i o  of t u r b u l e n t  f r i c t i o n  t o  l aminar  f r i c t i o n ,  and is de@endent  on 
t n e  *liean Reynolds '  number of each  f i l in .  I n  t h e  p r e s e n t  s t u d y ,  
Q = 0.039 f o r  t u r b u l e n t  f l o w  
Q = 1  f o r  l aminar  f l o w  
The f r i c t i o n a l  moments can  t h e n  be o b t a i n e d  by i n t e g r a t i a g  t h e  cor responding  s h e a r  
s t r e s s  s o  t h a t ,  
f o r  t h e  i n s i d e  s u r f a c e ,  
MI = 2  o L ' 2  R dB1 d I l  
and f o r  t h e  o u t s i d e  s u r f a c e ,  
The f r i c t i o n a l  lnomerits ruay be o b t a i n e d  i n  non-dimensional form, from r e s u l t s  of t h e  
normal i sed  Reynolds '  e q u a t i o n .  The v i s c o u s  f r i c t i o n  i n  t h e  c a v i t a t i o n  r e g i o n  o f  t h e  
f i l i n s  is a l s o  i n c l u d e d  i n  t h e  p r e s e n t  s t u d y  [Ruddy (6)  and Leung ( 3 ) ] .  
2.3 C a l c u l a t i o n  procedure  f o r  t h e  s t e a d y  s t a t e  s o l u t i o n  
The c o ~ i i p u t a t i o n a l  s t r a t e g y  t o  de te rmine  t h e  s t e a d y  s t a t e  s o l u t i o n  o f  t h e  bear ing  is 
d e s c r i b e d  i n  t n i s  s e c t i o n .  From t h e  balance of f o r c e s ,  t h e  r a t i o  of Somnerfeld 
number f o r  t h e  i n n e r  and o u t e r  f l u i d  f i l m s  can  be w r i t t e n  as, 
Froin t n e  ba lance  of f r i c t i o n a l  moments, t h e  r a t i o  of t h e  non-dimensional moments 
a c t i n g  a t  i n s i d e  and o u t s i d e  s u r f a c e s  of t h e  r i n g  can be w r i t t e n  a s ,  
Equa t ions  ( 9 )  and (10)  de te rmine  t h e  r e l a t i o n s i l i p  between t h e  i n n e r  f i l m  e c c e n t r i c i t y  
r a t i o ,  t h e  o u t e r  f i l m  e c c e n t r i c i t y  r a t i o ,  and t n e  ( r i n g  s p e e d / r o t o r  speed)  r a t i o .  
For a g iven  v a l u e  of i n n e r  e c c e n t r i c i t y  r a t i o ,  t h e  e q u a t i o n s  may  t h e n  be used t o  
s e a r c h  f o r  t h e  o u t e r  f i l m  e c c e n t r i c i t y  r a t i o  and t h e  speed  r a t i o .  A modi f i ed  form 
of t h e  Newton's i t e r a t i o n  method [Gera ld  ( 7 ) ]  was used i n  t h i s  s t u d y ,  as  f o l l o w s ,  
where k i n d i c a t e s  t h e  s tate of  s u c c e s s i v e  i n t e r a t i o n s  and Rf is t h e  r e l a x a t i o n  
f a c t o r .  
The matrix containing the partial derivatives (the Jacobian matrix) is obtained by 
numerical perturbation of GI and G2. The steady state solution is then obtained if 
a specified tolerance is satisfied. When Rf is equal to unity, the usual ~ewton's 
iteration method is used. It provides stable iteration for cases with laminar 
lubricant flow. However, the iteration may sometimes fail to converge if the 
lubricant flow is assumed turbulent. An under-relaxation factor of value from 0.5 
to 0.75 was found satisfactory for all cases with either assumption. The application 
of the under-relaxation factor for laminar flow condition could reduce the computa- 
tional time by up to 20% when compared with the case where Rf is equal to unity. 
2.4 The dynamic characteristics of the bearing 
The dynamic characteristics of the bearing are represented by a set of eight 
linearised force coefficients so that the bearing forces acting on the journal can 
be expressed by the following equations, 
The displacement coefficients, A's, are obtained by perturbing the displacement of 
the journal centre from its steady state position. The velocity coefficients, B's , 
are obtained by perturbing the velocity of the journal centre. These coefficients 
may then be used to study the stability and response characteristics of the bearing 
applied to different rotor systems. 
3 .  PARAMETRIC INVESTIGATION OF BEARING PERFORMANCE 
To ensure good design and reliable service it is necessary to determine the behaviour 
of the new bearing under different working conditions. In this study, six bearing 
parameters were investigated. A bearing with typical parameter values was first 
selected as the reference case. Each parameter was then varied about the reference 
conditions and any changes in bearing characteristics have been noted. The results 
are desctibed as follows. 
The ratio of the outer film clearance to the inner film clearance was found to be 
significant in determining many bearing characteristics. Design charts are given 
in this case as examples. In the present study, it is assumed that the total clear- 
ance of the inner and outer films is constant. Variation of C2/C1 is achieved by 
changing the inner film and outer film clearances at the same time. 
For a given operating condition, it was found that increasing C2/C1 would cause a 
reduction in inner film eccentricity ratio, but an increase in outer film eccentricity 
ratio. As a result, ~ h e  overall bearing eccentricity ratio, which is defined as 
the ratio of the journal displacement to the total clearance, is reduced (Fig 2). 
This implies that the load carrying capacity of the bearing is increased by an 
increase of clearance ratio. The bearing attitude angle, however, is reduced 
(Fig 3). Increasing the value of C2/C1 will also increase the (ring speed)/ 
(rotor speed) ratio (Fig 4). Consider that the inner film !clearance is reduced 
as C2/C1 is increased, the shear force acting at the inside surface of the ring 
will then be increased. The speed ratio is therefore increased. ' 
The journal frictional loss (usually indicated by the friction factor) is also 
increased for a similar reason (Fig 5). 
The dynamic coefficients of the bearing are shown in Figs 6 and 7. These coefficients 
are used to calculate the limit of stability l~rai~head (5B of the bearing (Fig 8). 
The effect of the clearance ratio on the dynamic stability can be divided into two 
regions : for low Sommerfeld numbers, the stability is reduced by increasing value 
of the clearance ratio; for high Sommerfeld numbers, increasing the value of the 
clearance ratio will increase the limit of stability. Large values of clearance 
ratio is therefore beneficial in high speed or light load operations. The ratio of 
the (whirl speed)/(rotor speed + ring speed) was found to be about 0.5 as expected 
(Fig 9) C~rcutt and Ng (8)l. However, it is common to calculate the (whirl speed/ 
rotor speed) for bearings with a single film. For the floating ring bearing, the 
value of this ratio will be higher than 0.5 and within the range of 0.6 to 0.7 
(Fig 10). 
3.2 The ratio of the ring radii (R2/Rl) 
The ratio of the ring outside radius to inside radius also affects the performance 
of the floating ring bearing. For an increasing value of R2/R1, the frictional 
moment acting at the outside surface of the ring will be increased. This reduces 
the (ring/rotor) speed ratio and hence reduces the load carrying capacity of the 
outer film. As a result, the overall load carrying capacity and attitude angle of 
the bearing is reduced. The frictional power loss, however, is increased because 
the reduction of ring speed will increase the frictional force acting at the journal 
surface. In terms of dynamic characteristics, increasing the value of R2/Rl increases 
the limit of stability of the bearing for the range of Sommerfeld Number examined. 
3.3 The (L/Dl) ratio 
The effects of varying the LID1 ratio on the floating ring bearing are similar to 
those found in conventional bearings. Increasing the value of LID1 ratio will 
cause an increase in load carrying capacity and attitude angle of the bearing. 
However, for a given Sommerfeld Number, both the speed ratio and friction factor are 
not seriously affected by the change in L/D~ ratio. It should be noted that, if 
the variation of LID1 ratio is achieved by simply varying the length of the bearing, 
a smaller LID1 ratio will result in a smaller Sommerfeld number. In this case, 
reduction of LID1 ratio will cause a slight reduction of the speed ratio and a 
significant reduction in frictional loss. In terms of dynamic behaviour, areduction 
of L/D~ ratio will increase the limit of stability of the bearing. Hence, a bearing 
with a small value of L/D~ ratio is often preferred. 
3.4 The mean bearing Reynolds' number 
There are two fluid films in a floating ring bearing. The Reynolds' numbers are 
usually different for each film. In order to ensure comparable results, the mean 
bearing Reynolds' number of the floating ring bearing is defined herein to indicate 
the Reynolds' number of an equivalent single film bearing. In the present study, 
the bearing clearance of the single film bearing is equal to the total clearance of 
the floating ring bearing. The actual Reynolds' number for the inner and outer 
films is therefore less than the mean bearing Reynolds' number due to the existence 
of a rotating ring and a smaller clearance for each fflm. 
The effects of increasing the bearing Reynolds' number on the floating ring bearing 
are quite similar to those found in single film bearings. However, the floating 
ring bearing is less sensitive to the change of bearing Reynolds' number, as would 
be expected. increasing the value of bearing Reynolds' number will increase the 
load carrying capacity and the attitude angle of the bearing. The frictional loss 
is also increased as expected. It should be pointed out that the bearing Reynolds' 
number has a significant effect on the ring speed ratio. The ring speed is dependent 
on the viscous friction of the fluid films and the bearing Reynolds' number affects 
the viscous friction considerably. An increase in Reynolds' number will cause an 
increase in speed ratio. Also, increasing the value of the bearing Reynolds' number 
reduces the limit of stability of the bearing. 
3.5 The supply pressure 
The lubricant supply may sometimes be pressurised, for example, to increase the 
lubricant flow rate. It was found in this study that pressurising the lubricant 
increased the load carrying capacity and attitude angle of the floating ring bearing. 
This was achieved at the cost of reducing bearing stability. It is generally known 
that the existence of a cavitation region in a bearing may have a stabilising effect 
on the bearing performance. Pressurising the lubricant, however, will reduce the 
cavitation region of the bearing. 
3.6 The weight of the floating ring 
The weight of the floating ring is usually small compared with the loading on the 
bearing (ie. less than 5%), and is neglected in most analyses. The effect of the 
loading due to the ring was examined in this study. It was found that the weight 
of the floating ring had very little effect on both the steady state and the limit 
of stability of the floating ring bearing. The bearing performance was practically 
unchanged even when the weight of the ring was increased up to 107, of the bearing 
loading. This result indicates that the weight of the ring may be neglected without 
~ignific,,~~ loss of ,ccuracy. It also allows more flexibility in selecting the ring 
material without affecting the bearing performance. 
4. COMPARISON WITH OTHER BEARINGS 
The steady state and dynamic performance of the cylindrical-spherical floating ring 
bearing have been compared with an equivalent plain floating ring bearing, a 
conventional cylindrical bearing and an elliptical bearing. In order to ensure 
comparable results, all bearing parameters such as the LID1 ratio, Reynolds' number, 
C2/C1 ratio and R2/R1 ratio, where applicable, are kept identical to those of the 
cylindrical-spherical floating ring bearing. For the single film bearings, the 
bearing clearance was equal to the total clearance of the inner and outer fluid 
films of the floating ring bearing. All bearings studied were analysed by the 
finite difference technique for finite bearings. 
It was found that the behaviour of the cylindrical-spherical floating ring bearing 
is very similar to that found in a plain floating ring bearing. The load carrying 
capacity of the spherical outer film of the new bearing is slightly lower than that 
of the cylindrical outer film of the plain bearing [ ~ e u n ~  (9)3 .  Despite some minor 
differences, the characteristics of the two floating ring bearings are so close that, 
for practical purposes, the differences may be ignored. The new floating ring 
bearing, hence, has the advantage over the plain floating ring bearing of being 
self aligning. 
The load carrying capacity of the floating ring bearing was found to be higher than 
the cylindrical bearing but lower than the elliptical bearing. The separation of 
a single fluid film into two thinner films is thought to be reasonable for the 
increase of the load carrying capacity of the floating ring bearing over the 
cylindrical bearing. However, the frictional power loss of the floating ring 
bearing, with laminar lubricant flow, is slightly higher than the loss of the 
cylindrical bearing but very close to that of the elliptical bearing. For similar 
reasons as above, the reduction of film thickness will increase the viscous friction 
in the bearing films and hence increase the frictional loss when compared with the 
cylindrical bearing. The geometry of the elliptical bearing is responsible for the 
high load carrying capacity and high frictional loss of the bearing. 
The real advantage of the floating ring bearing in terms of energy reduction is its 
ability to reduce film turbulence when compared to a single film bearing. For a 
given operating condition (ie. a given Sommerfeld Number), the degree of turbulence 
in the inner and outer films of the floating ring bearing is less than that of an 
equivalent cylindrical or elliptical bearing, especially with high Reynolds' numbers. 
As an example, when the bearing Reynolds' number is increased from laminar to about 
3000, the power loss of the single film bearings is increased by 3 to 4 times the 
original value. The power loss of the floating ring bearing, however, is only 
increased by about 50% of the original value. As a result, the frictional loss of 
the floating ring bearing is only about 30 to 40% of that of the single film bearings. 
Potentially, a considerable amount of energy can be saved. 
Stability analyses of the bearings with a rigid rotor show that the limit of stability 
of the floating ring bearing examined is higher than that of the cylindrical bearing 
but lower than that of the particular elliptical bearing. It should be pointed out 
that the ellipticity of the elliptical bearing studied is relatively high 
(ellipticity = 0.41, which makes the bearing more stable. Although the behaviour 
of the reference floating ring bearing does reflect the general behaviour of this 
type of bearing, it is not optimised for high stability. More favourable results 
could be obtained with suitable selection of bearing parameters. 
4.1 An alternative means of comparison 
The results reported so far were concerned with a floating ring bearing having a 
total inner and outer film clearance equal to the clearance of the equivalent 
single film bearing : the total clearance was kept constant even when the C2/C1 
ratio was varied. However, it is also possible to construct a floating ring bearing 
with the inner film clearance equal to that of the single film bearing. The inner 
film clearance can be kept unchanged and variation of C2/C1 achieved by varying the 
size of the outer film clearance. The total film clearance of the floating ring 
bearing is hence larger than that of the equivalent conventional bearing. Most 
early studies of the floating ring bearing are, in fact, concerned with this second 
arrangement. The performance of these two arrangements of the cylindrical-spherical 
floating ring bearing has also been examined in this study. 
The first bearing, in which the total clearance of the bearing was kept constant, 
was found to have a higher load carrying capacity and higher limit of stability when 
compared with the second arrangement. However, the frictional loss of the second 
bearing was lower than that of the first arrangement. Because of the larger total 
clearance, the lubricant flowrate of the second bearing should be larger than the 
first bearing. Compared to conventional bearings, the load carrying capacity, 
frictional loss and limit of stability of the second bearing are all lower than those 
of the particular cylindrical bearing. 
The first arrangement is more favourable when load carrying capacity and dynamic 
stability are important, which is the case for most turbo-machines. The second 
arrangement is favourable when frictional losses and lubricant overheating are 
serious problems. 
5. A CASE STUDY WITH A SCALED LP TURBINE ROTOR 
The application of the cylindrical-spherical floating ring bearing to turbo- 
machinery has been examined by a case study. The floating ring bearing was used to 
support a scaled LP turbine rotor. The dynamic behaviour of the system was examined 
and the performance of the floating ring bearing has been compared with other 
bearings. 
The scaled flexible rotor system constitutes to part of a long term research pro- 
gramme and is dynamically similar to a steam turbine for a 660 MW power plant 
[ ~ e u n ~  (313. The bearing loading of a steam turbine is considered relatively high 
when compared to a fast speed gas turbine. The rotor was originally supported by 
a pair of elliptical bearings and the bearing Reynolds' number at operating speed 
was estimated to be about 3500. 
The frictional loss of the cylindrical-spherical floating ring bearing at operating 
speed was found to be only 27% of the loss for elliptical bearings, and 40% of the 
loss for cylindrical bearings. Hence, considerable amount of energy could be saved 
by using the floating ring bearing. 
The stability of the rotor system was examined by eigen value analysis lie. Craighead 
(5)3. Rigid foundation was first assumed. The real and imaginary parts of the 
eigen values indicate the stability and the system (damped) natural frequencies. 
Results of the study showed that the highest threshold speed was achieved when the 
rotor was supported by the elliptical bearing. The threshold speed was about 1.75 
times the operating speed. The floating ring bearing came second. The threshold 
speed i ~ d s  ~ound to oe 1.3 times the operating speed. The threshold speed of the 
rotor with cylindrical bearing was below the operating speed. The cylindrical 
bearing would hence be unsuitable for this application. At the operating speed, the 
equivalent damping ratio for the lowest system frequency was 0.26 for the elliptical 
bearing, and 0.22 for the floating ring bearing. Despite a lower value of damping 
ratio, the damping in the floating ring bearing is sufficient to ensure safe and 
stable operation. 
System response to mass unbalance was also investigated. It was found that least 
force was transmitted through the cylindrical bearing to ground. The elliptical 
bearing came second whilst the force transmitted through the floating ring bearing 
was the highest among the bearings examined. This result indicates that more 
attention is required for the supporting foundation if the floating ring bearing is 
to be,employed. Damped flexible foundations are usually used in modern power plants. 
Results indicate that the forces transmitted to the ground were reduced by the 
introduction of a flexible foundation. The differences among the bearings in 
response analysis were also reduced to be very small. 
A limited amount of experiments were performed on a rig (Fig 11) to verify the 
corresponding analysis. Generally the experimental results confirmed the theoretical 
results c ~ e u n ~  (3)3. It may be interesting to point out that many earlier 
investigators reported the difficulty to make the floating ring start to rotate. 
' .  the case of turbogenerators, the machines are usually started by using the oi: 
klng technique. The floating ring would therefore be lifted up initially by 
hydrostatic pressure. With careful operations, the ring starting problem could be 
eliminated in turbogenerator applications. 
I t  is worthwhile to point out that instability problems may not necessary be 
recognised during the design stage of a machine. Sometimes, dynamic problems only 
surface after the machine is commissioned and expensive remedy action is necessary. 
Since the dynamic properties of the floating ring bearing can be controlled by a 
variety of parameters, the bearing offers more choices (and hence a better chance) 
to correct the performance of machine. 
The results of this case study suggest that each of the bearings examined offers 
some advantages over the others. The elliptical bearing is slightly favourable in 
terms of dynamic characteristics. However, the cylindrical-spherical floating ring 
bearing offers considerable energy saving and it is self aligning. The dynamic 
characteristics of the bearing is satisfactory, especially with damped flexible 
foundations. The overall performance of the cylindrical-spherical floating ring 
bearing makes it competitive with the elliptical bearing. Despite good response 
characteristics and simple geometry, the cylindrical bearing is not favourable in 
*this application. 
6. CONCLUSIONS 
The development of the cylindrical-spherical floating ring bearing is described. 
With considerations of the ability to handle misalignment, low frictional charac-- 
teristics, steady state and dynamic properties, the new bearing has shown favourable 
performance in turbogenerator applications. The development of this bearing is 
still in its early stage. The present study, however, demonstrates that the new 
bearing is an alternative and competitive design which is worthy of consideration. 
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